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Abstract 
“Teiul Doamnei” Pumping Station in Bucharest supplies the WDN of a district with about 40,000 inhabitants. The pumping 
station was refurbished in 2004, and variable speed pumps were installed. Due to this refurbishment and other improvements of 
the water networks, performed by the Water Company of Bucharest, the total energy consumption for 2012 dropped to about 
25% with respect to the value recorded for 2004. The numerical model of the pumping station and it’s attached water network 
with 250 pipes and 212 nodes was created in EPANET. Variable speed driven pumps functioning algorithm was implemented 
in EPANET via ruled-based control statements. The overall variation of pumps' speed allowed by the controls is between 70% 
and 100%. For each of the 12 months in 2012, from the water consumption recorded at the pumping station, a mean daily value 
of the flow rate was derived. The daily variation of the hourly flow rate has been considered according to Romanian standard 
for drinking water supply quantities in urban sites of about 40,000 inhabitants. This variation was introduced in EPANET as 
flow pattern over a 24h period. The mean daily value of the flow rate for each month, divided by the number of consumption 
nodes of the network, was added as base demand at each consumption node. The simulations were performed for a 24h period, 
for each month, with a time step of 5 minutes (although flow rate variation is hourly, due to the limitations of EPANET, the 
hydraulic time step must be smaller than the flow rate pattern step). Monthly energy consumption computed values are in good 
agreement with the corresponding values recorded at the pumping station. The model we created can prove useful in performing 
other analysis in order to assess the functioning of variable speed driven pumps in a WDN. 
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1. Introduction 
In the past years, pumping stations in Bucharest are refurbished in order to achieve a higher overall efficiency. 
The refurbishment is mainly based on the procurement of new pumps, with increased efficiencies and on changing 
the operating algorithm of the pumping stations by means of at least one variable speed driven pump in each 
group. 
Generally, in the functioning algorithm of a pumping station equipped with variable speed pumps, and operating 
under variable demand, the most important ruling parameter is the pressure on the discharge pipe of the pumping 
station. Sometimes, in more advanced systems, pressure measurements in key points along the pipe network 
serviced by the pumping station are also taken into account. Basically, when the pressure in the discharge pipe 
becomes lower than a pre-established value (due to the increase of water demand in the network), the speed of the 
pumps is increased so that the pressure stays above the lower limit. Similarly, when the pressure in the discharge 
pipe becomes higher than a pre-established value (due to the decrease of water demand in the network), the speed 
of the pumps is also decreased so that the pressure stays below the upper limit. Variable speed driven pumps 
permit the adjustment of the upper and lower limit to very close values, so that variations of pressure in the 
network are almost undetectable by the end-user of the water. 
In our paper, we try to quantify the energy consumption of such a system, by using a numerical model for a 
pumping station located in Bucharest, Romania, in the “Lacul Tei” residential district (in the proximity of the 
Technical University of Civil Engineering), namely the “Teiul Doamnei” Pumping Station, which supplies the 
water distribution network for about 40,000 inhabitants in that area. The pumping station was refurbished in 2004, 
and old pumps with constant speed were replaced with variable speed pumps. In a previous paper published in 
2004, while the refurbishment was performed, Georgescu et al. (2004) were predicting a 54% reduction in energy 
consumption due to the new pumps and new operating algorithm, based on a simplified numerical model of the 
pumping station and serviced network. In fact, the energy consumption dropped by 59% in 2005 with respect to 
2004. Due to this refurbishment and to other improvements of the water distribution network, performed by the 
Water Company of Bucharest, the total energy consumption dropped continuously since. Undoubtedly, a major 
factor in this reduction was played by the metering of the service-pipes policy adopted by the Water Company of 
Bucharest. In 2012, the consumption dropped with about 75% with respect to the value recorded for 2004. 
Moreover, during the whole year 2012, only a single pump was used for operation, among the four identical pumps 
existing in the pumping station, insuring on its own the necessary pressure level in the network and thus the 
necessary flow rate. One must highlight that the start/stop and operating speed of the pumps are now controlled 
automatically in the pumping station, based on measurements of the pressure on the discharge pipe of the station. 
Under those circumstances, a more accurate numerical model of the network and pumping station is needed 
(with respect to the one presented in 2004), to analyze the operation conditions of the network and of the pumps. In 
this paper we present this model. The numerical model is built using EPANET, a free software for hydraulic 
network analyses, provided by the U.S. Environmental Protection Agency. It allows the use of variable water 
demands over a specified period of time, as well as variable speed driven pumps. It also allows the use of 
command sets (simple controls, and rule-based controls) that can simulate the operating algorithm of the pumping 
station (Rossman, 2000). The input data consist of the layout, geometric and hydraulic parameters of the network, 
characteristic curves of the pumps (head versus flow rate curve, and efficiency versus flow rate curve), as well as 
the values of the pumped water volume recorded at the pumping station during 2012, which yield the values of the 
daily averaged flow rate. The water demand pattern, variable during the day, is taken from the Romanian 
standards, with hourly time step. The results should yield an energy consumption of the numerical pumping station 
close to the real one recorded in 2012. Model calibration is performed by the implementation of the actual 
operating algorithm of the pumping station (parallel coupled pumps, one driven with variable speed) and 
comparison of the computed results with the measured data for 2012, in terms of energy consumption. 
2. Model of the Water Distribution Network 
The water distribution network model consists of 250 pipes, one reservoir (that replaces here the main water 
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distribution network of the city), 212 junctions, 4 non-return valves and 4 identical centrifugal pumps (one of 
which will be operated by the variable speed algorithm). Originally, the pumping station was provided with an 
opened storage tank. The tank was supplied by the main water distribution network of the city. The suction side of 
the pumps was connected to this tank, while the discharge side was connected to the serviced network. In time, as 
the water demand diminished and pressure in the main water distribution network became more stable, the tank 
was taken out of use. Nowadays, the suction side of the pumps is directly connected to the main water distribution 
network of the city. Modelling the “Teiul Doamnei” Network in EPANET, forced us to use a tank on the suction 
side of the pumps (Fig. 1). The elevation of the tank that supplies the pumping station was set to the actual 
elevation of the terrain near the pumping station, plus 20 m (which represents the average value of the piezometric 
head from the main water distribution network of the city). 
The roughness of the pipes was considered to be 2 mm for all the pipes in the model. From the 212 junctions of 
the network, only 137 have a base water demand, the remaining ones being just connection junctions. The way in 
which the base water demand values for each node were obtained from the measurement records of the pumping 
station will be presented in one of the following sections. 
General layout of the network, diameters and lengths of the pipes were introduced based on the information 
existing at the Water Distribution Company. In fact, obtaining a network model from an existing AutoCAD 
drawing (with attributes) or GIS is quite simple, by the use of additional software (which is also provided by the 
U.S. Environmental Protection Agency), called EPACAD. This EPACAD allows the direct import of the layout 
(the {x,y} coordinates of the junctions) and of the attributes of the connecting pipes (lengths, diameters). Junctions’ 
elevations were set according to the actual elevation of the terrain, plus the height of the supplied consumer (either 
houses or buildings of 4, 8 or 10 floors height). 
Units were set to International System in EPANET and the formula for calculation of the head losses was set to 
Darcy-Weissbach. The same model of the network was used in all simulations, the only difference being the values 
of the base water demand introduced at the junctions. 12 simulations were performed for a 24h period, for each 
month of 2012, with a hydraulic computational time step of 5 minutes (although demand variation was hourly). 
Due to the limitations of EPANET, the hydraulic time step must be set smaller than the demand pattern time step, 
when trying to implement an automated algorithm for the operation of the pumps (Perju and Georgescu, 2010). 
 
  
Fig. 1. Water distribution network configuration. Fig. 2. “Teiul Doamnei” Pumping Station model 
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3. Model of the Pumping Station 
The pumping station consists of 4 parallel coupled pumps that discharge water in a common pipe connected at 
both ends to the “Teiul Doamnei” Water Distribution Network (Fig. 2). A non-return valve is mounted after each 
pump. Existing pumps’ operating curves: head versus flow rate, and efficiency versus flow rate, were introduced in 
the model. 
The reason why a special section of the paper is dedicated to the pumping station numerical model is that this 
model also includes an automated operating algorithm, almost identical to the one used in reality. This algorithm is 
implemented within EPANET through Rule-Based Controls (Rossman, 2000). It is, of course, a discrete algorithm 
so that, in order to mimic the real operation of the pumping station, the hydraulic computational time step should 
be kept smaller that the demand pattern time step. 
Rule-based controls allow link status and settings to be altered, based on a combination of conditions that might 
occur in the network (especially in the case of an extended time period simulation, with variable demand). Rule-
based controls are statements of the form: RULE ruleID; IF condition_1 AND condition_2 OR condition_3 etc; 
THEN action_1 AND action_2 OR action_3 etc; ELSE action_4 AND action_5 OR action_6 etc, where ruleID 
represents an identification label assigned to the rule, condition_n represents a condition clause, and action_n 
represents an action clause. 
For the existing situation, the parameter that starts/stops a pump or changes its status, is the value of the 
pressure at the exit node of the pumping station, i.e. if the pressure at the exit node is less than a minimum value, 
the speed of the functioning pump is adjusted in steps up to the maximum level, or if the speed maximum level is 
reached, another pump is started, while the rotational speed of the variable speed pump is set to the minimal value; 
if the pressure is above a maximum value, the speed of the functioning pump is adjusted in steps down to the 
minimum level, or if this level is reached, another pump is stopped (Georgescu and Georgescu, 2005). Of course, 
in our case, we must specify to the program, exactly which pump to start and which one to close for each case. For 
the “Teiul Doamnei” Pumping Station model, we implemented such an algorithm to only two of the pumps in the 
pumping station, considering that one is operated at a constant speed and one with variable speed. The other two 
pumps were considered closed. This is not a crude approximation, since from the recordings in the pumping 
station, only the variable speed driven pump worked during the hole year 2012, while the others didn't start even 
once. The algorithm modifies the rotational speed of the pump in steps of 002.0 n  (where 0n  in the nominal 
rotational speed of the pump). For one pump driven with variable speed between 100% and 70% of 0n , with a 
discrete step of 2% of the nominal speed, and a constant speed pump, the algorithm resulted in a set of 62 rule-
based controls. 
It is important to observe the way in which EPANET evaluates the rules. At a hydraulic calculation time step, 
EPANET computes the hydraulic quantities of the network, then, with the results evaluates the conditions starting 
from rule one, and takes the specified actions if the conditions are met, then goes to rule 2, evaluates the conditions 
with the same computed data set, and takes the specified actions if the conditions are met, goes to rule 3 and so on 
and so forth, up to the last rule. When all the rules have been evaluated, EPANET passes to the next hydraulic 
computational time step and performs a new hydraulic calculation. Now, it is obvious that, as long as there is no 
hydraulic calculation after each action, the order in which the rules appear in the program is crucial (Georgescu et 
al., 2004). 
4. Variable Demand Pattern 
The variation pattern of the hourly water demand is the parameter that triggers variations of the other 
parameters in the water distribution network, namely pressure at different points in the network. Pressure changes 
are transmitted both downstream and, most important, upstream towards the pumping station. In turn, different 
values of the pressure at the exit node of the pumping station trigger the pump operation algorithm via the rule-
based controls described in the previous section. Different operating points of the pumps during the simulation lead 
to different electrical energy consumptions, at different hours, and hence to a given daily energy consumption. 
 
711 A.-M. Georgescu et al. /  Procedia Engineering  70 ( 2014 )  707 – 714 
 
Fig. 3. Mean hourly variation of the water demand for a site with 40,000 inhabitants. 
This daily energy consumption can be extrapolated to yield a monthly average consumption that can be 
compared to the values recorded in the pumping station, in order to ascertain the accuracy of the numerical model. 
In order to calculate the correct values to be added as base demand at the consumption nodes of the network, we 
start from the recorded water consumption in the pumping station in 2012. For each of the 12 months in 2012, 
from the water consumption recorded at the pumping station, a mean daily value of the flow rate, as well as a mean 
hourly water demand can easily be derived. Considering the daily variation of the hourly water demand, according 
to Romanian Standard (2006) for drinking water supply quantities in urban sites of about 40,000 inhabitants, the 
hourly variation can be altered to yield the same mean value over a 24 hours period, but different values for each 
hour of the day. The variation pattern of the water demand is presented in Fig. 3, in terms of demand coefficients, 
computed as ratio between the hourly water demand and the hourly mean water demand. 
This variation was introduced in EPANET as demand pattern over a 24h period. The mean hourly value of the 
water demand for each month, divided by the number of consumption nodes of the network, was added as base 
demand at each consumption node. The simulations were performed for a 24h period, for each month of the year 
2012. 
5. Numerical Results 
The above 12 simulations were performed in the conditions mentioned in the previous sections. The results 
seamed convincing since in neither of the simulations the piezometric head, on the discharge pipe of the pumping 
station, has gone below the minimal value (i.e. 49 m) and only the variable speed pump was operating (there was 
no need for the algorithm to start the other pump). 
For comparison reasons, in Fig. 4 we present the results obtained for August 2012, the month with the highest 
water consumption, at 1 a.m. (lowest consumption of the day), and at 12 a.m. (highest consumption of the day). 
In Fig. 5 we present the results obtained for March 2012, the month with the lowest water consumption, at 1 
a.m. (lowest consumption of the day), and at 12 a.m. (highest consumption of the day). 
In the above figures, the colour scale denoted “Pressure” corresponds to values of the pressure at the nodes of 
the network, measured in meters of a water column, while the colour scale denoted “Velocity” corresponds to the 
values of the velocity on the pipes of the network, in m/s. 
6. Conclusions 
The daily deduced average water demand and its variation pattern introduced in the numerical water network 
model have proven to yield very good results both on the piezometric head on the discharge pipe of the pumping 
station, and on the flow rate trough the pumping station. 
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(a)  (b)  
Fig. 4. Computed results for August 2012: (a) at 01:00 a.m.; (b) at 12:00 a.m. 
 
(a)  (b)  
Fig. 5. Computed results for March 2012: (a) at 01:00 a.m.; (b) at 12:00 a.m. 
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Fig. 6. Computed results and measured values for the flow rate at the pumping station, for an average day of each month of 2012. 
 
Fig. 7. Computed results and measured values for the energy consumption at the pumping station, for an average day of each month of 2012. 
In Fig. 6, we present the computed results and in situ measured values, for the flow rate of the “Teiul Doamnei” 
Pumping Station, for an average day of each month. 
The algorithm for the operation of the pumping station implemented in the numerical model via rule-based 
controls seems to be working properly. The rotational speed of the pump was changed several times during each of 
the 12 simulations, while the constant speed pump did not start (which is what happened in reality during 2012, in 
the studied pumping station). 
From the point of view of the energy consumption at the “Teiul Doamnei” Pumping Station, the measured 
values and computed results match well. In Fig. 7, we present the sets of values corresponding to the electrical 
energy consumption, on an average day of each month of 2012. 
From Fig. 7, we can observe that the general trend is for the measured values to be higher than the computed 
ones (more energy consumed) but with a relatively constant amount. This may be due to the deterioration in time 
of the operation curves of the pumps (in the numerical simulation we used the catalogue curves). There are some 
exceptions though. In March the measured values exceed by more than the above mentioned relatively constant 
amount, the calculated values. After we performed this study we found out that in March a maintenance operation 
was performed in the pumping station and this could explain the increased electric energy consumption. Another 
exception are the months of September and October in which the calculated values are higher than the measured 
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ones. At this time we do not have a definite explanation for this. One of the reasons may be the fact that for some 
values of the pressure on the discharge pipe of the pumping station numerical model the discreet operation 
algorithm in steps of 2% of the nominal rotation speed fails to reflect the real functioning of the pump. This will be 
subject to a further study. 
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